Background: Primary prevention of coronary heart disease is most appropriate for patients at relatively high risk. Measurement of coronary artery calcium has been proposed as a way to improve risk assessment, but it is unknown whether it adds predictive information to standard risk factor assessment.
R ECENTLY UPDATED EVIDENCEbased guidelines call on internists to make a careful assessment of their patients' baseline coronary heart disease (CHD) risk and to target primary prevention efforts such as cholesterollowering drugs 1 and aspirin 2 to high-risk patients. Predicting who will develop CHD events, however, is difficult. Standard risk factor analysis can help stratify patients into risk groups, but events are still uncommon in patients considered to be at high risk (2% per year) and not rare in patients considered to be at lower risk (0.5%-1.0% per year). 1 More effective assessment of CHD risk may improve the cost-effectiveness and safety of such primary prevention efforts.
Coronary artery calcium (CAC) may be a marker of an increased risk of CHD events. Coronary artery calcium is only present in atherosclerotic arteries 3 and can be quantified quickly and noninvasively with electron-beam computed tomography (EBCT) at a cost of approximately $400 to $500 per scan. The resulting CAC score represents an assessment of the presence and extent of atherosclerosis and may therefore be useful in predicting future CHD events. On the other hand, calcification may be merely a reflection of increased atherosclerosis conferred by standard CHD risk factors such as age, sex, cholesterol, blood pressure, smoking, and diabetes. Calcification may actually reflect stabilization and maturation of atherosclerotic plaques and lead to fewer myocardial infarctions and CHD deaths. 4, 5 Assessment of the predictive value of the CAC score after adjustment for standard CHD risk factors is therefore critical.
Several cohort studies have been published in which previously asymptomatic persons were studied with EBCT and fol-lowed-up over time for CHD events. These studies, as well as a meta-analysis, 6 have reported that higher CAC scores are associated with higher risks of CHD events. The question of whether the CAC score adds incremental value to standard CHD risk factor assessment, however, remains controversial.
In the present study, we systematically searched published literature, extracted and standardized relative risk estimates adjusted for established CHD risk factors from each eligible study, calculated clinically relevant summary estimates of relative risk for patients with different CAC scores, and investigated why results might differ among studies.
METHODS

LITERATURE REVIEW
We searched MEDLINE and Current Contents databases for articles published between January 1, 1980, and July 25, 2001, and  PubMed for articles published between July 1, 2001, and March 19, 2003 . Because no specific Medical Subject Headings (MeSH) are consistently used for studies of CAC, we used a broad title word search to maximize sensitivity for identifying all potentially relevant articles and relied on manual review to discard the many irrelevant articles we captured. We used the following search strategies: MEDLINE, f (xxs cardiovascular diseases or xxs coronary vessels) and (tw coronary calci# or tw electron or tw ultrafast); Current Contents, f tw coronary calci# or tw electron tomography or tw electron ct or tw ultrafast ct or tw ultrafast tomography; and PubMed, (("Cardiovascular diseases" [ 
MESH] OR "coronary vessels"[MESH]) AND ((coronary[TI] AND ((calcium[TI] OR calcification[TI]) OR calcifications[TI])) OR ((electron[TI] AND (tomography[TI] OR ct[TI])) OR (ultrafast[TI] AND (tomography[TI] OR ct[TI]
))))). We also reviewed bibliographies of key articles and consulted with experts in the field to identify all important patient cohorts. Abstracts and titles were scanned and articles were eliminated if inclusion criteria were clearly not met. When unclear, articles were reviewed in full. Studies reported in abstract form only were excluded.
STUDY ELIGIBILITY
We included articles that reported identifying a cohort of individuals who were initially without symptoms of active coronary artery disease, and who were studied with noncontrast EBCT to obtain a CAC score and then followed up over time for the development of CHD events. Only articles that presented CAC score-specific relative risks adjusted for established CHD risk factors such as age, hypertension, high cholesterol, diabetes, and smoking were included. Articles that presented duplicate or overlapping data were grouped, and only the article presenting the data in the most definitive and extractable form was included. Two of us (M.J.P. and M.P.) independently abstracted inclusion criteria for all articles presenting CAC score-specific relative risks.
DATA EXTRACTION
Two of us (M.J.P. and J.A.T.) abstracted data from each eligible article using a standard data extraction form, collecting data on study subjects (recruitment source, selection criteria, demographics, and CHD risk factors with method of determination), the EBCT protocol used (scanner make and model, slice thickness, and scoring method), follow-up (tracking method, mean follow-up time, and proportion lost to follow-up), method of outcome adjudication (types and definitions of CHD events recorded, formal out-come adjudication by more than 1 investigator, and blinding of adjudicators to CAC score), and blinding of study subjects and their physicians to the CAC score. Disagreements were resolved by consensus. Adjusted CAC score-specific odds ratios, relative risks, or hazard ratios were abstracted in whatever categories or form was available. Confidence intervals (CIs) from 1 study 7 were supplied at our request in a written communication from the first author (Nathan D. Wong, PhD, July 9, 2002).
DATA STANDARDIZATION
To provide clinically relevant and easily applied results, we standardized results into 4 CAC score categories (0, 1-100, 101-400, and Ͼ400). These or similar categories have been used in several previous publications 8, 9 and represent a simple categorization of the range of CAC scores encountered in clinical practice. This standardization was accomplished in 1 of 2 ways, depending on how the data were presented.
There were 2 articles that reported adjusted relative risk measurements in CAC score categories that were different than the categories we chose. 7, 10 For these articles, we first calculated crude relative risks from presented data and then estimated the effects of multivariate adjustment on the point estimate and standard error by comparing these crude estimates with the adjusted estimates presented in each article. We then estimated crude relative risks in each standard CAC score category (1-100, 101-400, and Ͼ400, compared with 0) and applied the multivariate adjustment effect, as estimated above.
The other 2 articles 11, 12 presented adjusted relative risk measurements per unit increase in the CAC score (logtransformed, 11 or age-and sex-adjusted percentile-the "CS%" score 12 ). To obtain an adjusted relative risk estimate for each of our standard CAC score categories (1-100, 101-400, and Ͼ400, compared with 0), we estimated the median absolute CAC score and the median CS% score in each of these categories using published cross-sectional data, 12 and assuming that the subject of our investigation was a 50-to 54-year-old man. The median absolute CAC scores were 0 (for a CAC score of 0), 26 (in the 1-100 category), 183 (in the 101-400 category), and 664 (in the Ͼ400 category). The median CS% scores were 0% (for a CAC score of 0), 31% (in the 1-100 category), 75% (in the 101-400 category), and 94% (in the Ͼ400 category). These representative scores were used to calculate adjusted relative risk estimates using the equations presented in each article.
The primary assumptions we made to standardize the data were that (1) CAC scores were distributed uniformly within CAC score categories, 7, 11 (2) the maximum CAC score was 1000, 7, 11 (3) the effect of multivariate adjustment was homogeneous across categories within each study, 7, 11 and (4) the subject of interest was a 50-to 54-year-old man. 11, 12 Assumptions 2 and 4 were amenable to sensitivity analyses.
DATA SYNTHESIS
Summary adjusted odds ratios for each standard CAC score category were calculated by combining standardized odds ratios from each study using a random effects model. 13 These were reported as relative risks because outcomes were rare. Heterogeneity was assessed statistically, using a conservative P value cutoff of .10. 14 Analyses were repeated using a fixed effects model for comparison. Statistical analyses were performed using Stata 7.0 (Stata Corp, College Station, Tex).
SUBGROUP ANALYSES
To explore potential sources of heterogeneity and assess the effects of potentially important differences in study methodology, we performed several subgroup analyses. We grouped studies according to (1) types of outcomes included, (2) whether formal blinded outcome adjudication was performed, (3) tomographic scan thickness (3 mm vs 6 mm), (4) overall annual CHD rate, and (5) proportion of female subjects. Statistical testing for interaction and linear trends were performed using metaregression commands available in Stata 7.0.
RESULTS
LITERATURE SEARCH
We identified 2809 articles from MEDLINE, Current Contents, and PubMed that met our preliminary search criteria and eliminated 1196 based on the title, 1500 based on title and abstract, and 101 based on review of the full-text article. In total, 1616 were eliminated because EBCT was not used, 333 because CAC was not measured (EBCT was used for a different purpose), 313 because no follow-up for CHD outcomes was documented, 19 because the patients were not asymptomatic, and 516 because they were duplicates, review articles, editorials, conference proceedings, or other types of articles not containing original data. This left 13 articles 5,7,9-12,15-21 for consideration ( Table 1) .
DATA EXTRACTION AND STANDARDIZATION
Four studies met all inclusion criteria. 7,10-12 There were differences in study subjects, EBCT scan thickness, follow-up completeness, types of CHD events recorded, outcome adjudication methodology, annual event rate, and method of assessing CHD risk factors among the 4 studies ( Table 2) . No study reported blinding of study subjects and/or physicians to the subject's CAC score. Mean follow-up was 3.6 years or less. Most studies assessed risk fac-tors by self-report rather than direct measurement. In total, these studies represent over 13000 person-years of observation time.
We estimated adjusted relative risks for each CAC score category in each study ( Table 3 ). This process led to wide confidence intervals for the article by Arad et al 10 because only 1 subject in the reference (CAC score=0) category had a coronary event during follow-up.
DATA SYNTHESIS (META-ANALYSIS)
After adjusting for established CHD risk factors, the risk of CHD events increased progressively with greater calcification (Figure 1 ). The relative risk estimates among studies were similar for the CAC score 1 to 100 category (P for heterogeneity=.48) but varied significantly for the 101 to 400 (P=.07) and greater than 400 (P=.02) categories. Fixed-effects modeling yielded slightly different results: adjusted relative risks were 2.1 (95% CI, 1.6-2.9) for the CAC score 1 to 100, 4.2 (95% CI, 2.5-7.2) for the 101 to 400, and 7.2 (95% CI, 3.9-13.0) for the greater than 400 categories compared with the 0 category.
SENSITIVITY ANALYSES
Adjusted relative risks and CIs changed only slightly when we varied our assumptions ( Table 4 ). Relative risks were statistically significant under any set of assumptions.
SUBGROUP ANALYSES
We grouped studies according to study characteristics that we thought could affect the relative risks they re- Abbrevations: CAC, coronary artery calcium; EBCT, electron beam computed tomography. *If data from the same subjects were presented in a subsequent article in a more complete form, the article was not considered the definitive data presentation. The article thought to contain the definitive data presentation is listed in parentheses.
†If patients were noted to be symptomatic or also received a coronary angiogram or stress test (and were not specifically noted to be asymptomatic), the patients in the article were determined to be symptomatic and the article was not included in the meta-analysis.
‡If the distributions of events and total persons were reported for specific CAC scores or CAC score-specific risk estimates were reported in any way, the article was determined to have an "extractable" score-specific risk.
§This is a cross-sectional study. Persons in the sample who had had a heart attack in the past (before their EBCT scan) were compared with persons who had not had an attack. There was no follow-up after EBCT scanning presented, so this study was found to be ineligible. ported. Differences in measurement of CHD risk factors (direct or by patient history), outcome adjudication (blinded or not), tomographic slice thickness (3 mm or 6 mm), and proportion of female subjects may have contributed to the observed differences in the 2 highest CAC score categories (Figure 2 ). Inspection and influence diagramming showed that 1 study, 11 which reported the lowest relative risk measurements, was primarily responsible for these differences. This study was also the only one to measure coronary artery disease risk factors directly and use an EBCT slice thickness of 6 mm, was 1 of 2 studies with blinded outcome adjudication, and included the lowest proportion of women (11%). If we excluded this study, relative risks in the remaining 3 studies 7,10,12 were similar and summary estimates were higher: 2.6 (95% CI, 1.7-4.0) for the CAC score 1 to 100, 8.8 (95% CI, 4.1-19.0) for the 101 to 400, and 17 (95% CI, 6.9-40.0) for the greater than 400 categories (all P values for heterogeneity Ͼ.32). Meta-analysis of the 2 studies in which the outcome adjudication process was blinded 11, 12 yielded lower relative risks: 1.7 (95% CI, 1.1-2.7) for the CAC score 1 to 100, 3.0 (95% CI: 1.3-6.9) for the 101 to 400, and 4.3 (95% CI: 1.5-12.0) for the greater than 400 categories (all P values for heterogeneity Ͼ.17).
COMMENT
In the present study, we show that CAC is associated with an increased risk of CHD events, even when other risk factors for CHD are taken into account. The relative risks associated with increasing CAC score are at least as large as those associated with established CHD risk factors. Persons with even low amounts of CAC (CAC score, 1-100) have about twice the risk of CHD events compared with persons who have no evidence of CAC (relative risk, 2.1), and high CAC scores (Ͼ400) are associated with very *Percentage of persons originally studied for whom the presence or absence of cardiac events was obtainable. †Calculated from total number of MI and CHD deaths/total estimated person-years of observation. ‡Assessment of CHD risk factors was considered "direct" when an actual measurement was taken (ie, by sphygmomanometry) and/or by "history" when the patients were asked about their history or medication use to assess presence of a risk factor. Whether the risk factor was included in the multivariate model as a "categorical" variable or a "continuous" variable was also noted.
§The risk factor was considered in the modeling process but not included in the final multivariate model. Multivariate analysis in the article was performed on all events (including revascularizations); our study results simulate this multivariate adjustment for the hard events only (MI and CHD death only).
¶Verified by communication with authors. #The risk factor was considered in the modeling process, but it is unclear whether it was actually included in the final multivariate model.
high relative risks (4.3-17.0). In comparison, the presence of diabetes or tobacco use or extreme values of lowdensity lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), or blood pressure confer a relative risk of approximately 1.5 to 3.4. 22 Our findings are consistent with a previous meta-analysis 6 but are more clinically applicable because they are adjusted for established risk factors. More precise estimates of the relative risks associated with medium to high CAC scores would be helpful for clinicians and researchers, but large differences among studies make this goal currently unattainable. The source of these differences has been the subject of ongoing public debate [23] [24] [25] [26] [27] [28] [29] [30] ; the present analysis serves to clarify and extend that discussion in several ways. First, through our data standardization process, we make it possible to directly compare results across studies. Second, we document that the evident differences in study results are not likely to be merely the result of chance. Finally, our analysis of different subgroups of studies ( Figure 2) helps identify which study characteristics may have accounted for the observed differences.
For example, 2 study characteristics previously thought to be important do not appear to account for differences among studies. Some have postulated that studies including patients with high average CHD risk might find the CAC score less helpful in predicting risk 28, 31 ; this trend was not evident. Others contend that studies including myocardial infarctions, CHD death, and revascularizations ("soft" CHD events) might find the CAC score to be more predictive because high CAC scores may in themselves lead to more aggressive revascularization. 16 Again, no such trend was evident.
On the other hand, a number of other study characteristics seemed to be important in explaining differences in study results. Studies reporting unblinded out- Abbreviations: CAC, coronary artery calcium; CI, confidence interval. *Relative risk was estimated by the odds ratio [10] [11] [12] or the relative hazard 7 in the original studies. †Odds ratios were used for the standardized estimate of relative risk in all studies. ‡Confidence intervals were obtained by written communication with Nathan D. Wong, PhD (July 9, 2002). come adjudication and those reporting indirect measurement of established CHD risk factors generally reported higher relative risk estimates, which could be consistent with bias from measurement error. On the other hand, differences in study results may also be explained by differences in EBCT scanning technique: the only study using a 6-mm EBCT slice technique found significantly lower relative risks, which could be consistent with lower scan sensitivity and less power to identify very low-risk individuals. Unexpectedly, the proportion of female subjects in each study was also associated with study results: studies in which more women were enrolled showed larger relative risk estimates. Arad et al 10 commented on a small, insignificant trend in the opposite direction within their study; none of the other authors noted testing for such interaction. Previous comparisons between men and women in the sensitivity and specificity of the CAC score in predicting angiographic stenoses have shown mixed results, with 1 study finding higher specificity in women, 32 1 finding lower sensitivity in women, 33 and 1 finding similar test characteristics in men and women. 34 While this effect could be the result of confounding by other differences in study characteristics, it highlights the importance of inclusion and separate analysis of women in future studies of CAC and CHD.
Our analysis has some limitations. First, the standardization process that was required to compare results between studies is in itself not standard or routine. The problem of standardizing disparately presented results for purposes of meta-analysis is not unique to this article 35 ; such standardization often requires complex methodology and assumptions. We believe our methods and assumptions were necessary and generally defensible, and we have shown that modification of some of those assumptions produced minimal changes to our results ( Table 4 ). Some might also argue with our categorization of CAC scores. While our categories were somewhat arbitrary and likely resulted in some loss of information, we believe that they provide an intuitive and useful way to think about a patient's score (none, low, medium, or high) and capture much of the important score variation in the middle-aged persons who are most likely to undergo careful CHD risk stratification.
Second, we are limited by the small number of studies available for analysis. With only 4 studies available for subgroup analyses, it is not possible to untangle the potential causes of observed differences in study results, especially given the fact that 1 study was an outlier in terms of both study results and many of the important study characteristics. 11 We are also unable to assess for publication bias, though we would not expect such bias given public interest in both positive and negative results.
Finally, no meta-analysis can overcome the limitations of source studies. Causal inference is always limited when interpreting the results of observational studies; accordingly, this analysis should not be interpreted as evidence that CAC causes CHD events, only that it predicts them. Generalizability of our results is limited by the age, sex, and ethnic composition of study samples. Follow-up is generally limited to 3 or 4 years, leading to uncertainty regarding how long the relative protection from CHD events implied by a CAC score of 0 will endure. None of the articles described blinding of participants and their physicians to the CAC score, and only 1 study directly measured established risk factors such as hypertension and cholesterol.
Our principal finding, however, transcends these limitations: CAC scores are associated with CHD events, even when other CHD risk factors are accounted for. This has important implications for clinical practice. Consider the case of a 55-year-old woman with stage I hypertension, an HDL-C level of 40 mg/dL (1.0 mmol/L), an LDL-C level of 155 mg/dL (4.0 mmol/L) despite diet therapy, and no other CHD risk factors. According to current guidelines, this 55-year-old woman, whose 10-year CHD risk estimate is about 13%, 22 should probably receive both aspirin and cholesterol-lowering drug therapy, aiming for a goal LDL-C level of 130 mg/dL (3.4 mmol/L). 1, 2 Using age-and sex-adjusted estimates of this woman's predicted CAC score, 12 we estimate her "posttest" CHD risk to be 6% if her CAC score=0; 12% if CAC score=1-100; 29% if CAC score=101-400; or 48% if CAC score Ͼ400, using the summary adjusted relative risk estimates from all 4 studies (Figure 1) . A 0 score, which about half of such women will have, might therefore lead us to recommend against cholesterol-lowering drug therapy (given the cost 36 ) and aspirin therapy (given the risk of hemorrhagic stroke associated with aspirin use 2 ). A score higher than 100, however, might lead us to recommend both continued aspirin use and more aggressive lipid control aiming for a goal LDL-C level of less than 100 mg/dL (Ͻ2.6 mmol/L). 1 Using the more conservative estimates reported in our analysis from the 2 studies using blinded outcome adjudication, her posttest CHD risk estimates change somewhat (8%, 14%, 23%, and 31%), but the clinical implications are the same. Deciding when and in whom such risk stratification might be worthwhile and cost-effective requires formal decision analysis and economic modeling, but this analysis suggests that measuring a patient's CAC score may sometimes provide valuable information for clinicians.
Several ongoing cohort studies, such as the Multi-Ethnic Study of Atherosclerosis, 37 the St Francis Heart Study, 38 and the Coronary Artery Risk Development in Young Adults (CARDIA) Study, 39 will address many of the problems inherent in earlier studies. We believe, however, that our meta-analysis has already answered 1 important, unresolved question: Does the CAC score predict coronary events even when standard CHD risk factors are taken into account? The answer, at least among the populations represented in these studies, is yes. Whether these results are valid in other populations and whether the added predictive value of the CAC score is worth the cost of a computed tomographic scan are important questions for further study.
